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ABSTRACT 


mie advent OL useful 1Sotopie power generation and require— 
ment for higher powered, extended service deep water navigational 
buoys has inspired the blending of these into a functional 
design. Realizing existing buoy tender limitations, a design 
was undertaken to utilize the largest buoy, the 8x26, and alter 
it to incorporate the maximum in deep water navigational aids 
powered by a thermoelectric isotope generator. With a five 
year on-station lifetime goal, each buoy subsystem was thoroughly 
evolved and designed, and combined to form a total system with 
favorable economical, safeiy, maintenance, and practical aspects. 
meee theoretical derivation and integration with practical 
eepbication is the object of this thesis. 
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INTRODUCTION 


With the constant periodic overhaul and maintenance of 
navigational buoys being a great consumer of both fiscal and 
Manpower reserves of the Coast Guard, there is a pressing 
demand for an economical, efficient new series of outer harbor, 
deep water navigational buoys. Realizing existing buoytending 
limitations, I propose to design an efficient nuclear powered, 
deep water buoy which will meet current safety, fiscal, ship- 
established and maintained, and operational CYibenias 

As a practical starting point, I thoroughly reviewed the 
two largest existing Coast Guard navigational buoys, the 9x38 
and 8x26. Here the numbers are defined as follows: the first 
fe ents.the maximum diameter (in larger buoys this is the 
diameter of the buoy body), and the second or final number is 
the overall maximum vertical height. This coding system 
greatly facilitates discussion of all buoy types. Likewise 
the SNAP-7D isotope powered buoy program of 1964 was thoroughly 
studied to eliminate earlier errors committed. Of the 24,000 
toys the ene Guard maintains, some 4,000 are lighted buoys, 
of which, two-thirds are the 9x38 and 8x26 class deep water 
buoy. After an optimization study of buoy functions and 
thorough selection of an isotope and compatible thermoelectric 
generator pairing, a stable buoy was designed to accommodate 
the dual isotope power and functional aid purposes. 

Chronologically the design evolved as follows. First, 


the optimum in buoy functions was established by inclusion of 





the most desirous navigational aids. Once the power level 
needed for operation was established, the type and amount of 
isotope power was derived as was the accompanying form of 

mewer conversion. The attached computer program was then 
devised to calculate an acceptable lead shield to meet current 
Atomic Energy Commission and National Bureau of Standards 
radiation safety criteria. As designed, this buoy can only 

be utilized inside the twelve mile limit due to inherent 

Atomic Energy Commission licensing procedures and jurisdiction. 
A complete mathematical derivation of the buoy body and shape 
then ensued combining the isotope power package, buoy functions, 
and buoy shape into a seaworthy, stable aids to navigation 
platform which could be serviced and maintained by the standard 
180 foot class Coast Guard buoy Wonder: It was then necessary 
NOtE only to devise an acceptable mooring system, but to 

protect it from the hostile marine growth and sea water 
electrolysis environment. Notably both the buoy design and 
mooring system selection were fully augmented by attached 
computer work. 

Once these procedures were complete, the design was 
essentially complete as there are neither funds nor materials 
for proper model testing and evaluation. I did, however, 
attempt in the conclusions and recommendations sections to tie 
this theoretical thesis into the practical reality of current 
policies of design, development, and production--this I believe 


LO be a key aspect of the true intention of this thesis. 





BUOY FUNCTIONS 


The function of a deep water outer harbor buoy is to 
provide an efficient reliable marker for entry into the vast 
network of coastal buoyage systems while minimizing the 
inherant hazards of shallow water navigation. With such an 
important role, the outer harbor buoy should incorporate the 
optimum in navigational locating devices to assure maximum 
Met venesss aroha existing battery or acetylene 
powered systems have at best a two year maximum on-station 
time, hence large Bis servicing requirements; second, the 
extreme hostile conditions of marine growth and salt water 
limit the mooring subsystem useful life to less than three 
years; and third, the buoy tenders capacity is limited by the 
working load of the boom to twenty tons. As isotopic power 
source provides constant reliable light weight power over 
long periods, the types of navigational devices on the buoy 
can be greatly increased. 

To be functional, the buoy must be detected by any of the 
four established means: its outline or light; its sound 
producing equipment; its "being seen" radarwise; and installed 
radiobeacons. Under advisement of several reports (35,37,54)* 
into the Cptinunmmeuer lization of Coast Guard aids to navigation 
devices, I have arrived at the following as the best combination 
of navigational aids: electric light flasher, radiobeacon, 
mechanical gong, radar reflector, sonar reflector, and radar- 


beacon. Each of these aids is well tested and currently in 


*Numbers in parenthesis refer to specific works listed in the 
references section. 
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Mee throughout the Coast Guard (20). Briefly each of these 


devices may be defined and represented as follows: 


A. Mechanical Gong 

Here the three standard copper-silicon clanker type 
Mongs will be utilized to strike the copper-Silicon bell 
located at the top of bell's own tower inside the ovter tower 
men Supports the Elashing light. The gongs themselves are 
attached by flexible hinges to the top sides of the inner 
tower, and act in pendulum fashion when activated by the pitch, 
heave, roll, and sway of the buoy in response to wave and wind 
action. A separate gong tower is used to minimize vibrations 
to electronic equipment on the flashing light tower. Coast 
Guard tests (20) have established the range of the "chime" 
aevice to be 0.3 miles for normal sea conditions. No electrical 


powering is needed. 


Bewee Rad ormener Tecror 

As commercial shipping and fishing vessels are the primary 
Meers of these outer buoys (35), it is imperative to establish 
a readily detectable buoy radarwise, as radar equipment is 
Standard for most larger vessels. Thus our detection will be 
based on the standard commercial radar--the three centimeter 


(x-band) with a 0.5 blip-scan ratio where 


number of times target seen 


blip-scan ratio = —— 
P NUNC een INe Ss ant Chia turns ; [1] 


Mirtizing an existing empirical relation for buoy radar range 


Teal. 





R= /1.7A, + 0.58 [2] 
where: 

R = range in miles* 

A,= EadeEy ber lector area in square fLece 


A = remaining buoy metallic area in square feet 

From experimental work utilizing the standard shape of 
this buoy, the range is found to be 7.5 miles (20). The 
reflector itself is eral ERC eMpbei Ml Gdle poreronmot 
Ene flashing light tower, A She above the gong tower. This 
calculation was naturally assumed for calm water conditions. 


No electrical power is required. 


c. (sonar hemlectcor 

As the buoy must also serve as a navigational Bre cle 
submersibles, it is advantageous to modify the counterweight 
portion of the buoy to provide a passive sonar reflector. 
Bor a Pe oam tigre radar reflector area it is estimated that 
tie detection range will drop to approximately two miles due 
to poorer underwater detection capabilities. Thus although 
this range is somewhat limited it does nevertheless provide 
yet another degree of buoy detection flexibility. Again, 


no power is needed. 


D. Visual Detection 
Obviously the buoy must also have a visual detection 


system for location in daylight hours by the unaided eye. 


a a 
*All references to miles denote nautical miles. 
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Using the following criteria; unaided eye, normal sea conditions, 
Pee horizon background, no obstructions, and observer at sea 
level, an empirical formula (20) has been established to define 


a visual range, this being 


~ 6076 tan (0°15') [3] 
where: 


A = vertically projected area above waterline in square 
feet 


R = range in miles 
as established by ene Coast Guard Field Testing and 
Development Unit. Thus, with this special buoy, the range is 
established to be some 4.4 miles; to also assist in visual 
detection, a simple system of buoy coloring end markings has 
been evolved which is consistent with the above formula. The 
Smt ceria for this system's lettering 1s: height, fourteen 
imenes, and width, eleven abiohc WKekste WMG ened Sie COPOr ing 
and markings used will be as per Coast ana buoyage system 


designation. 


EB. Radar Beacon 

Perhaps one of the newest navigational devices is the 
radar beacon, acronym racon, which operates as follows; a 
Standard ships x-band (three centimeter) radar signal will be 
received on the racon antenna and activate the racon which 
in return transmits a coded pulse series which is displayed 
directly on the ship's radar console. Recent tests have 


Shown that the new transistorized racons can be detected from 
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buoys some nine miles away, and although weighing only 35 
Beuncs and Cccupying a volume of about two cubic feet, it has 
Pmeexpected lifetime Of some Seven years. Based on a 12 volt, 
direct current system, only one watt of power is required to 
@eecrate this transistor package. The racon device itself will 
be situated inside the buoy body for protection, while the 


antenna will be located directly beneath the flashing light. 


Leen LOeSCccon 

One of the more reliable and well used offshore navigational 
Bids is the Beebe acon. Here it is advantageous to use a 
Class C radiobeacon, namely the TB-107 with LSR-803A converter. 
This twenty mile range device requires only some twenty-five 
watts of electrical power, and has dimensions of 16.5 x 21.5 x 
Meee inches. The device itself is situated in the buoy body 
for protection, while the transmitter is located directly 
above the radar reflector. Operating in the 275-325KC band, 
the duration of pulses for the device should be limited to 
short periods due to power considerations; estimate trans- 
mission burst duration to 15 seconds. As would be expected, 
both the radarbeacon and radiobeacon are severely limited 
detectionwise by height above sea level, and their usefulness 


would rapidly decline in stormy, rough weather. 


Coe be gmmene hicit slasher 
Perhaps the most important navigational aid is the 
electric light flasher system. Not only is night time 


Maentitication abetted, but it is the primary identification 
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means in stormy, inclement weather. Thus this critical aid is 
designed to optimum effectiveness. For the twelve volt direct 
current system, thirty watts is needed to power this 13,000 
@eandlepower, 360° fan beam, 3,000 amp-hour system. Specifi- 
Bally, the FU-840 flasher (4 second flash) and FU-1297 lamp- 
changer (6 bulb unit) will integrate into this system to 
provide a detection range of 4.6 miles for an observer at sea 
level when situated at a focal height of 15.9 feet. For the 
above parameters, the range can be found from 

D=1.04 [4] 


or as modified by the refraction of air and curvature of the 


earth 

D= 1.15 VH [5] 
minere : 

D = range in miles 

H = focal height in feet 


The physical flashing code utilized will be determined 
Eyeactual buoy location, but for detection purposes an 
occulting (light longer than dark period) is recommended, 


based on the following criteria 


_ tw | 
2h oat ITE [6] 
where: 
ie—eli@eneheneot © Lasheilm. seconds 
te— tame Lor One revolution 


we Wldakil OL beam in centimeters 


F = focal distance in centimeters 


LS 





Morewice for long flashing sequences, the Blondel-Ray relation 


for intensity must be included, namely 


Sg | 
Lee Vi ee t+0.1 [6a] 
where: 
= COntaet “CMeslies cime 1n seconds 
I = incandescence in candlepower 


A 200 millimeter lantern will protect the clear bulb 
(100% transmission effectiveness) from external elements. 
Buoy stability is a must for this system to function 
effectively; the buoy is designed to ride waves solely ina 
vertical manner, as a dipping or swaying from the perpendicular 
will greatly decrease the light's effectiveness and range. 
The power for this as well as all other aids is provided 
directly from nickel~-cadmium batteries installed in the buoy 
body. Although nickel-cadmium batteries are consistent with 
a five-year unattended mission, the ultimate in lampchangers, 
which is incorporated in this design, has a 650-day life 
SepeCcancy. 


All buoy. functions are summarized in Tables I and II. 
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RA DIGwoOOTORE. SHE EC ELON 


The proper selection of the powering isotope is a major 
consideration in a project of this type. Of the more than one 
thousand isotopes known to man, only 122 have potential as 
heat sources; quite a technological advance since the discovery 
of radioisotopes by mass spectrometry earlier this century by 
Sir J. J. Thomson. As this buoy design is an attempt to 
optimize this device, a thorough study of all 122 heat isotopes 
will be conducted with a "fatal flaw" elimination procedure 
to select the best isotope for this unique task. 

To assure the utility of any isotope as a heat source, 
it must display the following characteristics: 

1. A one to one hundred year half-life (some fifty 

isotopes). 

2. A material which can exist in high concentration as 

Geciea eye ino Gt SOIC eat eODorattiag ) ECnpona tumco. 

3. Must have a heat output greater than 0.1 watt/gram 

of pure isotope. 

‘Likewise, the isotope must have characteristics which 
would assure future, economical, and practicai multigram | 
production, namely: 

Mia eos) Gheproouce, 11Ssi10n yleld must be dreater 

woven. Wes Alas 

2. Must have sufficient information at present to define 

aeGealLsoere PLOCUcCELOM process. 

3. Isotopic separations not required for either target 


Ser pEoovucte 1h 1uradiat10n process. 


Za 





AP eliiesienaicchaG Ol eee ne tomer onuSt NOt be rare, too 
costly, or practically unobtainable. 

5. Should be not more than three steps in chemical 
processing and two steps of neutron irradiation in 
entire processing scheme. 

6. For irradiation processes, thermal cross section for 
DEOGUeEwonoOU lGmmeerexcecd 500 barns. 

7. Similiarly the thermal neutron cross section of the 
(BGMMIeNe SUN IIG! love) asgatercheieie alnvalinl Za eerelalavel- 

8. Cost considerations indicate an upper ceiling of 
$2000/watt for the delivered isotope. 

Using the above criteria, a general roster of all 
isotope heat sources was established as Table III. Then from 
this listing, three tables were constructed; Tables IV, V, 
and VI respectively, to delineate isotope sources because of 
Separation processes, impractical production processes, and 
other rejection criteria. This reduced the number of acceptable 
isotopes to eight, which are listed with their respective 
properties in Table VII; now a final selection was made from 
these attractive isotopes. 

Thus, additional practical selection criteria need be 
applied, namely: 

1. Excessive gamma activity to be avoided if possible. 

eee acl tol GemgOes Up, .spectite heat (number swacts/ qm) 
goes down. 

3. As half-life goes down, power density (watts/cc) 


goes down. 
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4. Adaptability of isotope to heat conversion device. 

5. Matching of isotope output to sensitive, complex 

electronic equipment. 
6. Minimize inefficient bremsstrahlung radiation. 
Ue thus an approximate ideal Maif-life of ten years- 
8. Lessen biological hazard. | 
9. Minimize weight of shielding. 
10. Isotope available in large quantities. 
11. Isotope to have competitive costs with standard fuels 
(batteries and acetylene for buoys). 

12. Allowable 1/2 year lag in replacement fuel cell 
receipt. 

13. Daughter products in decay scheme should have 
properties no worse than original power isotope. 

14. Be adaptable to marine environments. 

15. Have stable compounded fuel form. 

Obviously there are some conflicting requirements above, 
but the selection will incorporate the best combination of 
all factors. Utilizing these factors, the selection narrowed 
to two equally attractive selections, Strontium-90 and 
Promethium-147. Naturally each did have associated negative 
features: Strontium-90 had significant bremsstrahlung 
radiation, remarked radiation hazards, and needed heavy 
shielding; while Promethium-147 had an extremely short half- 
life, low power density, and high production costs. The 


problem was resolved with a telephone conversation with 
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fei ke Bister, Heaa Gi Lsotopic Research and Development at 
the Atomic Energy Commission's Facility at Oak Ridge, Tennessee. 
Briefly, Mr. Eister reviewed the experimental results and 
ensuing agency policy as follows. (57) 

While Promethium had proven hopeful in earlier development 
end testing, the prohibitive costs and short half-life-- 
specific power combination had precluded its use in current 
design work. Present plans are directed towards Strontium-90 
aS a low power source and Plutonium-238 for higher power needs. 
An extremely reliable backup source for either power demand is 
Mopalt-60. This is the current state-of-the-art in isotopic 
power development, Be cially for static systems as called for 
by this unique power requirement. This selection is quite 
attractive in that Strontium-90 is obtained from reactor fuel 
wastes, an ideal reclaimation process, as these wastes would 
normally simply be disposed of. Further developments are in 
process to increase power potential using dyanmic systems, 
but existing policy is to promote the above mentioned fuels as 
it is economically desirable to increase current isotope 
markets as fixed costs are not obtainable. Hence the oe 
the demand the lower the costs, thus making isotopes economically 
competitive with fossil fuels. In fact, studies have shown 
that isotope power is economically competitive with chemical 
and solar sources up to 500 watts. Nuclear isotopes have the 
major advantage against contemporary fuels in that for a given 


amount of fuel, they contain the largest amount of energy. 
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Mare technology of existing static systems has been thoroughly 
Explored and Strontium-90 and Plutonium 238 have such decided 
advantages that numerous off-the-shelf devices are now presently 
available. Present Atomic Energy Commission sponsored isotope 


development programs are in the areas listed below: 


ie Dnewease neliabidmauey of Gemerators. 

2. Decrease specific weight. 

3. Minimize ground handling. 

4. Studies of dispersion and deposition of materials. 


5. Continued review of public health and safety. 

6. Fission product recovery increases. 

7. Actively promote isotopic usage. 

8. Develop dynamic power capabilities. 

Thus Strontium-90 is selected, and its unigue decay 
scheme is presented in Figure 1. Strontium-90's short lived 
companion isotope, Strontium-89, an energetic beta emitter, 
1s removed by an aging period before fuel encapsulation. 
Seeeontium-90's half-life is sufficiently long such that the 
ep in thermal power density over the buoy five-year cycle 
is relatively small and therefore neglected as related in 
Figures 2 and 3. In. fact, the SNAP 7D program reported a less 
than 3% drop over a five-year test period. The daughter 
product Yttrium-90, does produce more energetic beta rays and 
Emeew gamma rays (0.02%), but its half-life and activity during 
the five year lifetime is such that its effects are quite 
secondary sles SiesCeolgn ints as gqrapiically Shown in 


Figure 4. Fortunately the next decay step produces the stable 
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element, Zirconium-90, which thus eliminates the problem of 
shielding long-lived decay chains. 

As Strontium-90 has been selected as the isotope, it is 
now desirous to place this ina highly effective, concentrated 
form, acceptable to this marine application. Commercially 
there are five distinct forms in which Strontium-90 can be 
Somoounded; but only Strontium Oxide, SrO, and Strontium 


mtcanate, SrTiO are economically feasible. Although the 


3° 
oxide form has very attractive qualities, especially for 
merrestial applications; it has a relatively high solubility 
in liquids, a serious safety drawback for maritime applications. 
The titanate form, however, has the incredible solubility of 
only 0.005 ppm/hour at 120°F (or some 900 years to dissolve 
the standard SrTi0, pellet) in either fresh or salt water, (14) 
a highly desirous quality, considering the possibility of a 
marine radiation accident. The complete physical and 
mechanical properties of Strontium Titanate are denoted in 
Table VItit. Thus, although all its properties are 
acceptable, the Strontium-90 compound fuel selection is 
based entirely on the safety criteria for a marine environment 
of a minimum solubility and its general chemical stability. 
The actual production process is denoted in Figure 5. 

With the best isotope now in its most useful compound 
form, a comouter program was established, Tables XII and 
meer to facilitate the design of an efficient, compatible 


power generator. 
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Tsotope Hoalt-iere Watts/GM Cross Section 
years Target Piso en ere 

Antimony-125 Paet Zerg O32 eee 
Cadmium-113" 14.0 0.35 ae —_ 
Cesium-134 2a One cules 0 134.0 
Ho lLmium—166 3020 ——— 64.0 a 
mron-55 2.7 He 2.5 ee 
Silver-108 5.0 . Ses 40.0 a 
Thallium-204 Bow eZ isd --- 
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PoOrORES 


irsOcOpe 


Bismuth-207 
Hafnium-172 
Lutetium-173 
Neptunium-235 


Niobium-93 


POolonium-208 

Promethium-144 
Promethium-145 
Promethium-146 


Rhodium-1l01 


Sodium-22 
Tantalum-179 


Terbium-157 


TABLI; 


WITH NO PRACTICAL PRODUCTION METHODS 


Half-life 


years 


60.0 


40 


Type of Radiation 


Beta, Gamma 
Beta, Gamma 
Beta, Gamma 
Alpha 


Weak Gamma, internal 
Epos. 


Alpha, Gamma 
Gamma 
Beta 
Beta, Gamma 


Weak Gamma, internal 
Ghans. 


Beta, Gamma 


Beta, Gamma 


—e =e ere 





TABLE VI 


POTENTIAL HEAT-SOURCE ISOTOPES WITH ADVERSE FACTORS 


mOcCOpe 


Meeinium~-227 


Argon- 42 


Barium-133 


Cadmium-109 


Cadmium-113" 


Californium-250 


Californium-252 


Curium- 243 


Einsteinium-254 


furopilum—-152 


Europium-154 


PeroplLum-155 


Gadolinium-162 


Hate te 
years 


Pah 


14 


10 


cS 


16 


Al 


Reason for Rejection 


Very rare, target isotope 
Ct FAGIUM-IZG very Costly 


pms inerctogas. Inswericrent 
jrme belLores or Arocon—4] hali- 
life to assure high yield. 


Requires isotopic separation 
target of barium-132 extremely 
low (0.097%) in barium 
concentrations 


Requires isotope separation 
PORebOth Eamger and produce . 
Cadmium-108 concentration 
Natu Wine Gs) noon Low. 


Fission product of very low 
fission yield (0.0123) 


Multistep irradiation and 
processing needed 


Multistep irradiation and 
processing needed 


Isotopic separation required 
on STOdUcL 


Mpbersotcre wi mracwiablon ane 
processing needed 


Isotopic separation required 
High cross section (5000 barns) 


Isotopic separation required 
High cross section (1400 barns) 


Isotopic separation required 
Extremely low (0.03%) fission 
yield 


PSOLOmie ISecparal TON Or id 
relatively low cross section 
atece lt 





Isotope 


feyoton-85 


Lead-210 


Osmium-194 
Plutonium-236 
Plutonium-24] 
Radium- 228 
Ruthenium-106 


Samarium-L51 


Thulium-171 


oan—-12) 


Pricium 


Tee leeeei  ) 


Halt — ite Reason for Rejection 
years 
10.4 An inert gas 
OM. Very rare natural isotope 


from uranium decay 
0.005 gram/ton 


Z Target element, Osmium-192 
Sx irene hick c 


2.9 Product 1LSOtOpic Separation 
required 
13 Isotopic separation required 
Gat Very rare natural isotope 


from thorium decay 
0.0043 grams/ton 


1 Chemistry of this rare 
metal 2s extremely complex 


80 CYrGss, Scetion high (12/000 
barns) Isotopic separation 
required 


a, Isotopic separation needed 
for target 


5 Isotopic separation for 
boeh tardcteeand produce 
required 


Ds TOGMCOSey, Pere Wert 
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TABLE VIII 


ShRONE TUM Titanate oPROPRR TIES 


Peetvity Concentration 


Isotopic Composition 
Specific power 


Thermal energy 


Density 


Expansion coefficient 
Meiting point 
Mechanical strength 
Thermal stability 
meaatation Stability 
Thermal conductivity 
Power density 

Gas evolution in decay 
Vapor pressure 
‘Thermal shock resistance 
Bumnup characteristics 


Capsule compatibility 


Leach rate 


AS 


33 curies per gram SrT,0, 


Stee or oS See otapenl 1S. 9 Sa 
i oeeond) - Sr ome stale 
UeZ22 3° Vat wer Grannor SrTj0., 
Gwidemvotce per Kidecurte (Of e.7ST 
148 curies/thermal watt 


5.0 gram/cm* theoretical 


3.7 gram/cm* measured 
1.12 x 10 °/°c 

1EIOO) ave 

Fai 

Good 

Good 

UR0tss cal/sec-cm- Ee 
04825. wat /en- 

None 

No data 

Good 

Dispersibility poor 


Excellent with stainless steel 


and Hastelloy C 


1 uw gram/cm* day 





RADIOLOGICAL AND SAFETY CRITERIA 


With the initiation of the atomic age on a rather adverse 
note, the public has tended to associate nuclear power with 
nefarious uses. Despite an excellent safety record and 
intense public indoctrination, nuclear power still has public 
acceptance problems, and as such, all current and existing 
atomic power sources are "overdesigned" to the fact that the 
me@atation hazard is truly miniscule. It ene of two 
factors that the radiological protection system has an added 
safety factor of two, namely; the Coast Guard is new to this 
field of endeavor and the extra shielding would aid in ease 
eeeacclimation; and with the huge potential of other Coast 
Guard needs, some 4,000 powered buoys and numerous remote 
mechthouses, this mollifyang of the public could initiate 
quick acceptance of this specific program. 

Before a detailed study of shielding criteria, it is well 
to review the forms of radiation to be expected from this 
Selected radioisotope. Actually the daughters in the decay 
chain must also be considered, but as noted in Figure 1, the 
entire Strontium-90 decay series is composed of beta and 
bremsstrahlung radiation. These radiation processes may be 


described as follows. 


Beta Radiation 
An electron and a neutrino are emitted in beta decay 
Simultaneously from the nucleus of the atom, with the sum of 


the energies of the two emissions being equal to the total beta 
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decay energy for the transition. As would be expected, the 
amount of energy carried off by either particle varies from 
zero to almost the entire beta decay energy, with the particles 
forming a continuous energy spectrum and the maximum particle 
energy being virtually equal to the beta decay energy. For 
mibepractical purposes, the neutrino can be neglected, as it 
/mor NO practical concern in biological or heat generation 
calculations; naturally the beta particle is important due to 
its biological and heating effects. 

There are two different forms of beta transitions based 
On spin and parity changes. These transitions being classified 
as: "“allowed", involving a spin change of 0 or 1, and no 
Bearity change (0 or 1, no); with the "unique first forbidden" 
mavolving a Spin change of 2 and a change of parity (2, yes). 

Por the beta particles, the shape of the energy spectrum 
depends on several factors; the decay energy, the transition 
type, and the atomic number of the emitting nucleus. Obviously 
the shape of this spectrum is critical to radiation and shielding 
calculations for determining the particle energy for heat 
generation calculations, and determination of the bremsstrahlung 
Peec trum. 

A theoretical derivation of the number of betas and their 
Percies Wes pEccented bya Arnold (43)eand ean be bries ly 
related as: 


HOt allowea Eransitions 


P(E) = KnWF (Ze,W) (E.-E) * wa 
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where: 


P(E) = relative number of betas 

W = total beta energy in rest mass units 

nN = beta momentum = /W7-1 [9] 
K = an arbitrary constant 

Ze = atomic number of emitting nucleus 

F(Z ,W) = Fermi Differential Function 


The National Bureau of Standards has further defined the 
erm Differential Function to be 
- 2 
F(ZW) = £(%).n)/n [10] 


mach can be further defined as 


2+2s _t16 
n e 


Ee aie = CLES ta) (4) 


where: 


As = atomic number of particle nucleus 


gs = f/1l-y2 -2 [12] 
Y = 2,/137.0 [13] 
= y/(n(1 + n?)) i 


‘e 
II 


beta (~) or positron (+) emission 


I 


I standard gamma function 
For the unigue first forbidden transitions, the expression 
expands to 


= ei) 2 2 ae 
P(E) = KnWF (2. ,W) (BE, Eo [a> ot (We Word [15] 


Resolution of these formulas reveals the average beta 
energy to be approximately one-third the maximum energy; this 


can be expressed as 
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i i 
Ee oe ned P(E) ) [16] 
Betn tne Strontium 390 and YEtrium—-90 beta spectrum are 
plotted in Figure 4. 
For beta radiation, a rough but useful range determination 


in air has been calculated by Featherer to be R = 0.593E - 0.160 


for EF between 0.5 and 2.3 MEV, and R in gm/cm* {51). 


Bremsstrahlung Radiation 

The acceleration Or decslerabion Of ane leCrcOneGescu lis 
in the emission of a part of its energy through electro- 
Magnetic radiation. This can result from two events; first 
as an electron leaves the nucleus (inner bremsstrahlung) and 
when it is absorbed (external bremsstrahlung). Here again the 
spectral distribution will vary from zero to the maximum beta 
energy, but the majority of energy is released as less 
energetic radiation. Inner bremsstrahlung has proven to be 
very small for even the most energetic electrons and hence 
can be neglected. However, external er Ter increases 
with larger beta energies, and increasing atomic number of 
the absorber. A rough estimation of the energy loss by 


mearation to that by ionization is 


N 
ty 


Bad a 
a «(S00 [27] 
TO Hp 


C 


where E is the energy of electron in MEV. It should be noted 
that the value is somewhat inaccurate for low energy electrons 


but is considered satisfactory since the absorption of low 
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energy bremsstrahlung from low energy electrons 1s quite high. 
The total bremsstrahlung energy is found by dividing the beta 
spectrum into energy groups and noting subsequent energy 
emission. This calculation gives the total energy but is not 
designed to give an energy spectrum; however, the total beta 
energy equals the total bremsstrahlung energy. 

A review of equation [7] indicates that a few percent of 
the beta energy will escape as bremsstrahlung and this would 
not be recoverable as heat within the source. As maximum 
heat recovery is desired, the source is encapsulated in 
Hastelloy C having a thickness equal to one-tenth the maximum 
range of the beta ray--thus some of the escaped energy will 
be recaptured. Self-absorption would reduce the escaping 
bremsstrahlung to considerably less than the total 
bremsstrahlung produced; but a review of self-absorption 
meaeeria from Strontium-90 reveals satisfactory operation for 
the size of the generator in question. The total 
bremsstrahlung energy release per beta emission is thus 
important for heat sources and is given in Tables IX and X 
fememotrontium—-90 and Yttrium-90 respectively. 


A formula expressing the energy radiated is 


I 
I 


K K K 


where: 
I = radiated energy 
C = arbitarary constant 


E = kinetic beta energy 
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K = energy of bremsstrahlung photons 
Summing over all K will yield the total energy radiated. 
Now the bremsstrahlung spectrum, S(K), can be evaluated by 


the expression 


we 
alla od iri [19] 


B 
— sO a 
a) ee SEP (R)- Ze + 800" L735 


E=0 
fierce EP (BE) is from E=0 to E=Eq and the formula is composed 
Memtenree factors: the fraction of total beta energy at E; 
mye traction of this enesgy lost by radiation; and the 
feection of radiated energy which has energy K. This then 
yields the number, N(K), of energy K per AK proton energy 
interval per beta emission. 

N(K) = S(K) E/K [20] 

A computer program to summarize all these results from 
all shielding materials has been established and presented in 
Arnold (43). Also Figure 6 displays the shielding properties 
ere tron, Lead, and Uranium, the practical shielding materials 
for Strontium Titanate. 

Now that the nature of the radiation to be experienced 
is understood, it is possible to review the safety criteria. 

Formal safety has evolved since the initial Manhattan 
Project of 1943, and the factors which Softer Line safety 
hazards may be listed as follows: 

1. relative biological effectiveness 

2. energy of radiation 

3. tissue involved 


4. total dose 
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SOs Cote 
6. body area exposed 
io internal or external exposure 
As would be expected, there are numerous criteria for 
safety as established by federal, state, and local authorities; 
here I will rely on the National Bureau of Standards publica- 
tions for promulgated maximum permissible exposure and other 
criteria. It should be noted that the buoy is stationed at 
the twelve mile limit, solely because that is the furthest 
extent of Atomic Energy Commission licensing capability and 
Jurisdiction. The Atomic Energy Commission safety criteria 
are established by Section 20 of Title 10 of the Code of 
Federal Regulations. 
Ace Chess point It 1S Userud Eo define current radiological 
Hnits 
Pa FOctigen) = ay SOLDOLLON OL 83 eErgs/gm Of alr Lrom 
Naa y 7OG Vy slay 
2. Rad - absorption of 100 ergs/gm 
.3. RBE - relative biological effectiveness - based on 
the biological effects of radiation with the 
Meway ew eccablishing tite base on... 
4, Rem - (roentgen equivalent man)--RADS x RBE-- 
produces biological effect of 1 roentgen but 
HOmmeneLrely from A-Lray Ox Y-ray. 
With beta rays having a RBE of 1, the maximum permissible 
exposure to ionizing radiation was established to be 100 mrad/ 


week to eyes, blood forming organs, and gonads of persons 18 


Be 





Weacs and older. This age factor was subsequently redefined 


in the exposure rating of 


b= S(\No=" 13) [21] 
where: 

D = absorption in rems 

N = age of worker 


It should be noted that this maximum rate can be safely 
averaged over a several months period, but if truly long 
periods (over 13 weeks) are involved ENeCECMerent practice 1s 
to reduce this exposure by a factor of ten. Other notable 
exceptions are: up to 125 rem for hands, forearms, feet, 
and ankles; up to 25 rem emergency overdose allowed once in 
a lifetime; a whole body dose of 1.25 rems/quarter; total 
skin dose of 7.5 rems/quarter; maximum spot contamination of 


2 


1 rem per 2 cm“ of exposed body surface; however, if ingested 


Or inhaled 


MPC = eg 59 Cae [22] 
TB (1l-e————) 
ak 
where: 
MPC = maximum permissible concentration in body in 
Hil hCurRLes/Ce Of alxmer water 
q = total body burden 
Pom —Tiricel@OnwOn radvoactivity remaining in body/total 


body radiation received 
Be= Obiginal radiation awriwingwat organ 


ie ad i= Lite 


ao 





t = time duration 


8 


eo —ao bee OMEEOr alr 


Soils lo” ere ace 
In fact, q has been further defined as 


_ 5.6 x 10 > mw 


I= fo 5 E(RBE)N a 


where: 


Ree = in rads 


M = mass of affected organ 
W = permissible mrad/week 
E = disintergration energy (in Mev) 


LA MOnMmUnsOrl aLStCloutrTon Lactor 


Sy Sisters lois 
= 1 for all other tissue 
Applying this above equation to Strontium-9U has yielded 


the following maximums: 


al 8 x 10? [eis Inewacter 
m2 

yee 2X igi © Uv in air 
m2 


These formulas, although accurate, tend to mask the fact 
Sthat the biological danger to radiation is very shail rican 
me@ieeotrontium-90, which is classified as one of the four most 
hazardous radioisotopes; mainly because of its strong internal 
hazard, especially to bone, as it has a very strong affinity 
to that specific tissue. 

Current Atomic Energy Commission practice has limited 
the maximum shield surface rate to be 5.0 mr/hr, and in an 


attempt to promote safety as noted earlier; the buoy power 
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generator outer shield was designed for half of that--2.5 mr/hr. 
Heets have established background radiation to be only 0.05 mr/ 
hr. If source storage facilities are provided by the buoy 
metancenance facilities, the limit of radiation detectable at 

a range of one foot from the source is 5 mrem/hr. Likewise 
before buoy deployment and later overhaul, two survey tests 

are recommended, namely; 

1. The Wipe Test - a one hundred square centimeter 
smear of the outside shield connection surface. 

This smear should then be monitored for excess 
activity above allowed limits. 

Ae ORE ivaty “= A LAS-l air sampler is utilized to 
measure air activity around the sample. Again, 
excess activity would indicate a source failure. 

mieddditiom to che above tests, Certain On-Station 
procedures should insure adequate safety. This involves 
wearing a monitor badge if within seven feet of the source 
and using E-500B beta survey meters when operations are in 
progress. It would also be advisable to have the following 
for decontamination purposes; a saturated solution of Potassium 
Permanganate and 0.2 N sulfuric acid, and/or sodium acid 
eulfite. 

Safety in any endeavor should be a primary goal, and 
especially so in the nuclear field because of the potential 
hazard. This isotope generator as designed shieldwise is 
some 50% above the established Atomic Energy Commission and 


Seeronal Bureau of Standards minimum criteria. As 


oS. 





Strontium Titanate is insoluble in liquids, the application 
of safety procedures and precautions listed here should make 
the beta and bremsstrahlung radiation hazard low; and be a 
merry positive factor in the acceptance of this design. 
In-scumnmarizing the Ssadficty criteria, 1t is important to 
reemphasize that the Atomic Energy Commission and National 
Bureau of Standards have promulgated a code of safety criteria 
which will be adhered to in this design. The extreme biological 
hazard of Strontium-90 has led to the adoption of an added 
Biety factor of 2 in the outer shield dose rate, as the beta 
and bremsstrahlung radiation create a severe internal hazard. 
When handling the source, both film badges and E-500B meters 
should be used, with wipe tests and air samplers used to check 
the generator itself for leaks. In general however, the 
selection of Strontium Titanate for this application has 


greatly reduced the potential radiation hazards. 
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TABLE IX 


PRODUCTION OF BREMSSTRAHLUNG PHOTONS FROM 
STRONTIUM-90 BETA IN STRONTIUM TITANATE MATRIX (43) 


Maximum Beta Particle, MEV O55 
Average Beta Particle, MEV O20 

Bremsstrahlung Number of Photons per Beta 
Energy Group (MEV) Pavel Clowes Merve Gres 
0.020 +0.01 1.009 x 1077 
0.040 +0.01 4.004 x lo > 
0.060 +0.01 AOS se ee 
0.080 +0.01 TEA 52 1 
0.100 +0.01 8.845 x 107° 
oe 120 +0.01 6.034 x 10°" 
0.140 +0.01 rsh eae 
0.160 +0.01 DOS <2 10 * 
0.180 +0.01 Ae x GO" 
0.200 +0.01 LoSeiee des 
220 +0.01 iL, I@S 52 Gs 
0.240 +0.01 eeSilee ame 
0.260 +0.01 5.571 x 10> 
0.280 +0.01 3.895 x 10> 
0.300 +0.01 ee ae ie 
e320 +0.01 i SOI Se i= 
0.340 +0.01 LTS aD 
0.360 +0.01 7.448 x 10° 
0.380 +0.01 4.497 x 10° 
0.400 +0.01 DESEOu TON” 
0.420 40.01 33 oT 
0.440 +0.01 EReCeOn, 
0.460 +0.01 2.534 x 10! 
0.480 +0.0] 7.807 x 10° 
0.500 +0.01 ieee Ome 
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TABLES (CON tt) 


Bremsstrahlung Number of Photons per Beta 
Energy Group (MEV) Sevareteore Wienln We hrergy (Group 
m520 +0.02 Deets Se) eae 

0.540 “POlelOul Os ONG, 


motal Bremsstrahlung Energy, MEV/Beta particle 9.924 x LO” 
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ATS Is 


PRODUCTIONSOF BREMSSITEAHLUNG PHOTONS EROM 
YrRERTUM— oO Betas INS eRONviUM TETANATe MATRIX (43) 


Maximum Beta Particle, MEV Zed 


Average Beta Particle, MEV 0.944 


Bremsstrahlung Number of Photons per Beta 


Total Bremsstrahlung Energy, MEV/Beta Particle 


60 


P07 Ss) Oe 


Energy Group (MEV) Paseue Lo wii Ni pieEoieGreu) 
100 28©=6 +005 MEST Selon 
0.200 +0.05 LHD se cue = 
0.300 +0.05 3) BG Ma = 
0.400 +0.05 SAN S5)5) Be. for. 
0.500 +0.05 SEG lon” 
0.600 +0.05 2.389 x 10> 
@. 700 +0.05 Ga oe onl 
0.800 40.05 1.098 x 10> 
0.900 +Om05 mange =< 10m 
1.000 +0.05 5.092 x 10 - 
roo 866 +0..05 3.425 x 10 4 
iy 200 +0.05 Ge aoe 
i. 300 +0.05 1.460 x lo" 
1.400 40.05 9.110 x 10> 
1.500 +0.05 5.434 x 10> 
1.600 +0.05 3.050 x 10> 

i. 7.00 +0.05 WBIG x Ie — 
1.800 OOS 7220 = 10° 
1.900  +0.05 DGS aime 
2.000 +0.05 7.850 x 10° / 
2.100 +0.05 Lo DE FS Ong 
2.200 +0.05 3.540 x lo? 
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THERMOELECTRIC GENERATOR DESIGN 


With the radioisotope definitely selected and a thorough 
knowledge of its decay Senenenit is now possible to design the 
three major components of the generator system: the isotope 
Sizing and encapsulement, the power conversion system, and 
PMemolLOLOgical shield. To initiate this design it is first 
advantageous to list the desired goals, as the final must be a 
compromise among these, 

1. maximum reliability 

2. Minimum system cost 

3. minimum space, weight, and interfaces 

4. maximum radiation resistance 

Peeic cium SGbucuurad, Ijtegricy 

6. compatability with environment 

7. maximum safety 

Sa MiMIMUMe redilatien hazard 

With these goals established, it is now desirable to 
establish a means of heat-to-electricity conversion, and 
there are four possible direct conversion systems, to the 
author's knowledge, 

i Conversion of fluorescent light 

2. Generation of P-N junction semi-conductors ion pairs-- 

‘ios eee 
3. Magnetohydrodynamic 
fio col lecelon Of Charged particles ian retarding £f£1ela-— 


EMe TEM Lone 
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jG iomNcEMOnlly tvo--L~Nemmlonl Cc cnd enermoclectric—— 

Te boebullewto wltistanad eNershocks »vibratvons and harsh 
environment of a marine environment as they are rugged and 
meavye NO Moving parts, and as the others are extremely vibra~ 
ibon Sensitive. All such conversion systems are extremely 
inefficient with the maximum efficiency being eleven percent 
for the thermionic; however, a high operational temperature 
of some 1100 degrees Fahrenheit eliminates the thermionic 
mom consideration. Thus the rugged, yet less efficient 
thermoelectric system must be employed and be optimumly 
applied. 

Briefly the thermoelectric process may be described as 
follows: the radiation is absorbed in the source and contain- 
ment Material where the beta and bremsstrahlung energy is 
Peanstormed to heat; then the application of P-N type semi- 
conductors converts the heat to electrical power. This output 
is “power flattened" and stored in nickel-cadmium batteries 
under the trickle charge principle. The batteries then supply 
the desired direct current power as needed. The actual amount 
memmoeroutllum—-90 for a five year on-Station power of fifty-six 
watts was calculated utilizing the maximum five percent 
efficiency of cascaded thermoelectric material. The right 
Srediar cylinder form was selected as it most nearly resembled 
the normal buoy counterweight, and -aAsCOMpucer program calcu taved 
the desired dimensions. These dimensions were then checked for 
self-absorption losses and satisfactory results noted. It 


Should be noted that the size calculated was not of the 
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standard 


Strontium Titanate pellet form; however, the fuel 


could easily be manufactured in these dimensions if there 


was sufficient demand. Next the encapsulement material was 


selected. 


The following are criteria deemed important for 


the encapsulement material. 


slag 


Be 


lige 


Jbllye 


No brittleness from radiation 

Little diffusion at operating temperatures 
Little or no corrosion 

No oxidation 

Good macinemiced properties at high temperatures 
High temperature stability 

Good thermal conductivity 

No brittleness from welding 

Little microporosity 

Relatively inexpensive 


NOt Gilcevcul: to machine 


There are numerous potential containment materials such 


as: 


Se 


oe 


The 


Molybdeum Jom shan la cum 

Tungsten 8. Monel K 500 

Niobium Onn, sEnOCe net y60 0 
Platnium LO enasit el lov iC nor - te 
FS-85 steel TLS an yat 

Stainless steel ec TD Nreke | 


PL nalescoleet 1 Onwwas betweem Staimless steel and 


Hastelloy C as both had a maximum combination of the desired 


properties; however, the final selection was a 0.25 inch 
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Hastelloy C encapsulement as it had had earlier successes iia 
the SNAP 7C and 7D programs. Hastelloy C is considered 
extremely reliable from earlier experimental work, especially 
mmconjunction with Strontium Titanate. A second 0.25 inch 
Hastelloy C plate then acts as the one-tenth thickness needed 
to effectively and efficiently slow all beta and 
bremsstrahlung radiation; this is normally defined as the hot 
Shoe. An epoxy reSin is applied between the two Hastelloy C 
shields to electrically isolate the fuel capsule from the 
hot shoe. The P-N type thermoelectric semi-conductors are 
then attached to this second plate. This sequence is graph- 
ically displayed in Figure 10. Then all remaining exposed 
Hastelloy C surface areas are covered with an asbestos sheet 
to reduce thermal losses. 

The thermoelectric effect ie a phenomena first described 
by Seebeck in 1832, who defined the following equation for 


current produced between the junction of two dissimiliar 


metals, 
2 
a 
lies [24] 
where: 
fo figure of merit 


K = thermal conductivity in w/cm 

a = Seebeck effect constant in volt/°%c 

p = electrical resistivity in ohm-cm 

The value 4 is normally combined with T, the temperature, 


when rating the effects of semi-conductors. Several P-N semi- 
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conductors are compared in Figures 8 and 9. Jn these figures, 
mite Strontium Titanate fuel will operate in the hot junction 
temperature range of 600 +50°F, hence this is the design 
selection temperature of the semi-conductor. The temperature 
range and reliability tend to favor either lead-telluride or 
germanium-silicon thermocouples; however, it has been experi- 
mentally noted that cascaded lead-telluride elements seem to 
work best with Strontium Titanate in this power range (60 watts), 
and yield the maximum efficiency of five percent. The following 
alterations to the lead-telluride semi-conductors tend to 
improve both their effectiveness and average lifetime, this 
being; the N-type conductors, in which the electrons diffuse 

to the cold ends, are doped with a 1% bismuth coating; while 

Ene P-type conductors, in which the unfilled electron "positions" 
move to the hot ends, are doped with a 3% sodium coating. 
Physically these semi-conductors come in pairs called shoes, 
which are 1.0 by 1.25 inches and have a voltage output of 

0.5 volt per set. Thus some 26 shoe pairs are needed to 

produce the twelve volts of desired power. These shoes are 
symmetrically placed about the periphery of the Hastelloy C 
capsule material to convert the heat to electrical power. To 
insure a maximum efficiency, an iron spherical washer, spring, 
and snap ring assembly is inserted between the shoes and the 
meee D1Ological shield to insure constant, thermal contact to 


me, absorber material. 
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These semi-conductors are physically connected in series 
maough a Static converter to Stabilize the direct current 
output and a voltage regulator in order to prevent overcharging 
and battery gaSsing. This current is then used to trickle 
charge the nickel-cadmium batteries. A typical isotope power 
electrical spectrum is presented in Figure 7. The twelve 
nickel-cadmium batteries SW SSINeE are split into a series-- 
parallel combination with two sSix-cell series paralleled for 
optimum useage. 

There is a resistance backing material Surrounding this 
portion of the generator to protect the actual inner system 
from chemical attack, and provide insulation. Many materials 
such as polyethylene, teflon, and glass could be used, but 
such factors as weakness under strong caustic solutions favors 
the selection of a new material, Min-K, developed by the Johns 
Manville Company strictly for this purpose. Previous successes 
in the early SNAP series tend to affirm this selection. 

Now the combination biological shield and heat sink must 
be designed. AS expected this outer covering is extremely 
important for two reasons; first as the relatively inefficient 
thermoelectric processes leave large unused quantities of heat, 
which must be led away, or the fuel could easily reach its 
melting point and fail. The total weight of the containment 
Material insulation, and thermoelectric shoes is calculated 


mo be 1,050 pounds. 
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Spaced taps £rem the inner Hestelloy C shield metal are 
attached to the biological shield such that the unwanted heat 
is dissipated through the outer shield to the surrounding 
Seawater. The biological shield also functions as the primary 
Shielding device to restrict the harmful beta and bremsstrahlung 
radiation. As noted earlier, an overly designed safety system 
was selected with the conservative outer shield radiation rate 
of 2.5 mr/fhr. Using tabulated values of Strontium Titanate 
jmgom Arnold (43) ,ethree attractave shield metals were reviewed--— 
mon, Lead, and Uranium. The Lead was finally selected for 
two reasons: it provides the approximate weight needed for 
the buoy counterweight for naval architecture stability; and 
it is one of the more effective shielding metals. Some 13.3 cm 
was found to be adequate lead shielding for this purpose. 

The outer periphery of the lead shield is then sprayed with 
aluminum oxide to reduce potential seawater corrosion. 

Cutaway views of the entire generator are presented in 

Figures 11 and 12. The previously mentioned computer program 
forms Tables XII and XIII. This generator is then bolted 

to the counterweight tube and the electrical connections made 
to the batteries, and voltage and current regulators in the 
buoy body. This bolt~-attachment~assembly allows two important 
aspects; first the buoy body and navigational aids subsystem 
can be owned and maintained by the Coast Guard; while secondly, 
the thermoelectric generator RoC omne be manufactured in its 
entirity at the isotope production facility and shipped to the 


Boast Guard for easy installation. This system provides for a 
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Limited handling and minimum of radiation accidents. Likewise, 
ime ua larger demand is subsequently made for these devices, it 
will be in a Standard easily produceable form. A summary of 
the thermoelectric generator characteristics is presented as 
Table XI. 

As designed, the generator should prove extremely reliable 
and effective; however, the following potential problems have 
been noted on earlier similar prototypes--all of which are 
related to high temperature effects. 

1. Spalling of fuel capsule 

2. Release of caustic sulfur from Min-K insulation 

Ss. Reduction of sodium hence loss of P-type semi- 

COnGUGEOm scr LO1ency 

4. Oxidation of copper in wiring 

5. wsopalling Garon semi-conductor Wolders 

It should be noted that any isotope design must be 
experimentally tested by the Atomic Energy Commission before 
| license will be issued to provide radioactive materials. 
feeeminas CesUultedyin a high success rate for this form of 
power systems. 

This design has benefitted from the earlier SNAP 7 series 
experiments and subsequent technological advances, and as 
designed should not only prove readily adaptable to this buoy 
System, but should prove a reliable, efficient system for its 


five year on-Station time. 
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Figure 10 ~ P-N Semi-conductor Effect 
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Figure 9 - P-Type Semi-conductor Properties 
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Figure 12 - Cutaway View of Thermoelectric Generator 
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SUMMARY OF THERMOELECTRIC GENERATOR 
AND ELECTRICAL SYSTEM CHARACTERISTICS 


Fuel 


Encapsulement 
flectrical Insulation 
Heat, shzeld 


P-N Semi-conductors 


P-type material 
N-type material 


Maximum efficiency 
ierermal insulation 


Outer shield dose rate 
Biological shield 


feat sink 
SucLer Coating 


Voltage protection 
Current protection 


Batteries 


Expected hot junction 
EempcratuLre range 


Voltage range 


Sieieenere bin) YWeaiec resets sie, Te weloce 
Cimewlan cylinder form 


O225F ined Hastelloy ¢ 
Coating of resistant epcxy resin 
Gacoeenelh: Hasrelloy 


26 "shoe" sets, 0.5 volt per set 
SUeESC@ Buese, oie 1593 Tins josie Sete 


Lead telluride doped with sodium 
Lead telluride doped with bismuth 


In cascaded series with copper 
Were. 5c 


Asbestos strip backed by Min-K 
packing 


2 aie jas 
Loe owen: Oumlead 


The biological shield dissipates 
heat to seawater 


Aluminum oxide for corrosion 
protection 


Voltage regulator 

Static converter, power flattener 
12 unit cell nickel-cadmiun, 
trickle charged wired in 2 sets 


of 6 series parallel 


604-650°F 


lS Oa Mn Or Vedas oC. 
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Curremiar range 

Power range 

Seawater temperature 
On-station life 


Attachment to buoy 
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56.0 EO 63.6 Wates 
45°F 

5 years 


By bolting generator to 
counterweight tube 
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PiRMO Ma Chie  GhNt ih LOS ES kGN COMruULER Ss LUDY © 


This simple thermoelectric generator computer study is 
based On the physical constants of the fuel, Strontium 
Titanate; and shielding, Lead, as denoted by Arnold in his 
text on isotopic shielding requirements (43). Basically, the 
program is evolved in two parts: first, manipulation of 
Benola’s constants to get the desired fuel loading; and 
mecond, the use of the right aeons evylinder formu] ageo 
establish the component, and final generator design, where 

Height = 2 x Radius 
and 

Volume = 1 xX Radius Syuared x Height 

The right circular cylinder shape was selected to create 
the generator in the compact form necessary to function as the 
counterweight for buoy stability purposes. 

The computer design results meet all radiation and 
structural criteria previously established in an efficient 


buoy counterweight form. 
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AUIAVECE (oN) orcIgInSE 


THERMOELECTRIC GENERATOR COMPUTER RESULTS 
RACTOTSCTOPE SHIELDING AND POWERING CALCULATIONS 
Se eur ae 1S ie Sere iC. EUeL 
meAO 1S Wee SHTELOING METAL 
Teele R MEE LECT RL sCENERALOR IS CY LINDT AL 


GENERAL REFERENCE--EeD. ARNOLD, SHIELDING HANDS8O0OK 


THE PCWER NEEDED IS 56.00 WATTS 

THE TOTAL CURIES NEEDED ARE 188555.10 CURIES 
Pe COVER MEP bmerolENCY 1S 509 PERCENT 

THE WEIGHT OF STRONTIUM TITANATE IS 5686.5820 GRAMS 
MAXIMUM EXPOSURE IS 2250 MR/HR 

SHIELD THICKNESS IS 13.30 CM 

EIGHT SOE esh leben. 1s 48.97 CM 

RADIUS GF SHIELD IS 29449 CM 

VOLUME GF THERMOELECTRIC PACKAGE IS sol OG 
WEIGHT OF SHIELD IS 2875.50 PQUNDS 

Soc) OF ISOTOPE 1S 94277256 DOLLARS 


MRE TOTAL TRHERMOELECTRIC GENERATOR PACKAGE FOR 


COUNTERWEIGHT TS 25568 9. PGUNDS 
Mies SCTAL HEIGHT OF CENERAMTOR IS Loec8 ENCES 
piesa OLAL WIDTH OF GENERATOR IS ois 2c PG ries 
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BUOY BODY NDE SEG 


The optimum in outer harbor aids to navigation would he 


Perixed platform or Station, aS it would provide not only a 


spacious, 


Stable platform, but a precisely positioned 


navigational marker. The costs of such a proposal, however, 


would quickly eliminate its feasibility or practicality, but 


the design of a buoy should reflect these austere goals. 


Physically, the buoy is designed in three steps: first, the 


entire navigational aid package is devised and properly 


stationed atop the buoy body; next a counterweight and mooring 


system of approximately the same total weight as the upper sec-~ 


tion is attached to the bottom of the buoy body; and then a 


buoy body is selected to reflect the following goals, 


1k 


Tae 


Provide damage stability against potential flooding. 
Have good wave riding characteristics. 

Provide minimum off the vertical motion for 

Mey OdtlOlewe olds ne bdohy tne Ltasiang Nrgie, 

which derive maximum usefulness (detection range) 
operating from the exact vertical position. 

Suppo tie smeooring «chain. 

In riding currents, reduce induced heel to the 
minimum. 

Provide sufficient freeboard to protect electronic 
equipment and battery storage spaces from salt water 


wash. 
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There are numerous potential buoy body shapes such as 
the can, nun, Spar, and sphere; however, the only buoy body 
with years of proven successful operation capable of realizing 
these goals in deep water service is the circular cross 
section, spherical-shaped structure. As such, there has been 
considerable hydrostatic and hydrodynamic testing of the two 
margest Coast Guard buoys, the 8x26 and 9x38--both of which 
have spherical buoy bodies (13). Buoy forms, as are ship 
hulls, must be model tested, and the proper selection of 
scaling criteria involves a compromise between the Reynold's 
and Froude's effects. Basically, these two distinct groupings-- 
surface and viscous effects--may be subdivided as follows: 
1. Surface effects 
a. Wave forces 
be Buoyancy 
2. Viscous effects 
Bis Medeealolal Cua! 


b. Flow separation 


Ideally it is desirable to use both the Froude and 
Reynold's scaling, as each has a decided effect on ultimate 
buoy performance; however, studies of model performance have 
established Froude scaling as embodying the predominate effects, 
and thus the Reynold's scaling has been safely disregarded. 
Similarly, such factors as surface tension, cavitation, 
roughness, and current speed can be included in the scaling 
allowances, but for buoys, these effects are generally 
miniscule. Such parameters as size, costs, and model 
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reliability have been consolidated into the following 
recommended ratios for buoy studies--geometric scaling, 
oto me and Reynold's scaling, 64 to 1; Naturally each 
buoy design would have to be individually reviewed for unique 
Scaling criteria, but these above mentioned ratios have 
proven successful in numerous past model studies. 

In using these model tests, wave and Seaway spectra 
must be adopted to adequately define the on-station environmental 
conditions before meaningful tests can be concluded. Certain 
problems exist when establishing a buoy in moderately shallow 
water such as the outer Boston Harbor moor (70 feet). There, 
ocean bottom effects produce elliptical water particle motions, 
whose effects are illustrated in Figures 13 and 14. The 
Gerstner and Stokes seaway models are the most attractive of 
the numerous analytical environmental predictors, with the 
Gerstner model being particularly applicable to moderate 
depths. As such, the seventy foot mooring depth of this 
spherical buoy design could be adequately accounted for by 


mars Model's characteristics: 


ime Becton mig erOrCe = Gravity 
2.) Morrone stationary closed orbits 
fe ids] lrerebattonal and non-davergent 


4. phase velocity - g/k 
Eee Prone =Frrochoidal 
6. type solution - exact 
7. steepness gradient - T 


8. speed particle/speed wave - 3H/L 
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9. change of motion with depth - exponential decay 

10. good for moderate depths 

As this outer harbor buoy will encounter seaway type 
interactions, a specific wave spectrum must be selected to 
describe these sea phenomena. The Newmann and Pierce- 
Moscovitch spectra have particular beneficial application in 
deep water use (depths over 200 feet), but their applications 
to shallower waters is generally unreliable. A few coastal 
water spectra have been developed (24), but have not yet 
been successfully eited to buoy design considerations. 
Although a deep water spectrum, the Newmann seaway spectrum 
has proven considerably effective in buoy design for waters 
of this moderately shallow depth, and currently is in usage 
until a better coastal wave spectrum has been experimentally 
proven for buoy application. This Newmann seaway spectrum 


may be described as follows: 


Rel) = Gwao exp (-2g7/ (wv) 7) [25] 


where: 


fo Sl Sete /sece 


= wind velocity ~- ft/sec 
w = wave frequency - rad/sec 
ee 582 fe sec- 


Pw) = the square of the wave frequency height component 
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To alter this expression to bucy applications, the 
folLvowing GQeLinitions are utilized: 

86(w) = response amplitude operator of buoy 
and 


ihe BOOremeanees -Clmemotlon 1s 


s a 
a, = (2/2 af MERA NGO ohne [26] 


The buoy will have a pitch motion equal to the wave slope 
if encountering very long waves. 


Now define 





s(w) = maximum slope of unit amplitude wave 
Now 
limit ae a [27] 
w o> 0 
Similarly 
neem oe) - 9 [28] 
Ww > © 


Between these above limits, a second order oscillation 


will correctly simulate buoy action, namely; 


Sw) TL 7a) aE wT aah 
where: 
ee buoy natural frequency 

g = buoy damping ratio 


This then approximates a Gaussian distribution of motions 


as normalized by a least squares fit; such that the buoy 
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probability of being within the Gaussian is 





ae te) ee (a [30] 


where: 


I 


f (x) normalized cumulative probability 


0 = mean pitch angle 

ao = angle deviation from vertical axis 

Studies of spherical buoys under the above Gerstner and 
Newmann criteria have shown that the three basic motions-- 
etch, heave, and surge--have a detrimental result on 
navigational aid effectiveness; and attempts made to limit 
and reduce their effects, notably their resonances, have been 


reviewed thoroughly with the following specific application 


for buoys 


é 


I—eclccimmomlon > a Sharply proneumecd resonance 
2. Heave motion - a slight resonance 
Se surge meotien — Iattle or no notable resonance 


Cbvyrousiy thesefivcicneebuey must limit and contre! all 
pitch, heave, and surge motions, but the primary concern is 
the pitch motion resonance, plus previously unmentioned non- 
Jianear effects. The use of a current bar or bridle attachment 
of mooring chain to buoy has proven a great factor in damping 
all pronounced resonances and motions to acceptable minimums-- 
the bridle attachment is considered the more efficient device 
maomas SUuCh;, 1S included in this design (33). For buoys, the 
above mentioned non-linear instabilities to be considered may 


memeccauced to three problem areas, those being 


84 


1. Roll - caused by 180° difference of current and 
ane effects, although minor problem, no method of 
total elimination exists; spherical shapes are, 
however, one of better forms to reduce this 
inefficiency. 

2. Wandering - vortex shedding of unstreamlined form 
causes hydrodynamic 1ift; minimized by selection of 
streamlined spherical body. 

3. Heave-roll instabilities - large resonances resulting 
from heave-roll interactions; unable to completely 
remove as are a strong function of wave periods; 
but spherical shape helps reduce degree of resonance 
tke Gaus pay | 

From this review of all buoy motions, it is seen that the 

mean pitch angle is a critical buoy parameter--a large value 
for this angle will reduce the overall veaponse of this buoy 
to all seaway motions; hence a reliable, stable platform. 
This factor is similarly augmented by tests by Harleman and 
Shapiro (27), which show that single point moors further abet 
the mean pitch angle. In other smaller factors, the combined 
efforts of buoy drag and displacement tend to offset each 
Sener in spherical buoy design and as such are neglected; and 
the spherical shape reduced the response motion to low wave 
heights through quadratic damping. 

Considering all the above factors, the selection of the 

8x26 buoy body was considered ideal for this design and purpose, 
namely; 
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alle 
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spherical shape - excellent stability characteristics, 
good backup model testing 
outer wrapper diameter - 8 feet 


inner Wrapper diametem -%5 8, the structural and 


damage control member 

expected lifetime - 20 years 

chain attachment - for a single point moor use 
bridle attachment 

depth Of Moor =Mgeod to 2Ze-250 Eeot depen 

mean pitch angle - excellent high value 

natural period (1/w,) - 5.6 seconds 

damping ratio (3) - 0.08 

capability - excellent stability and performance 
characteristics matching navigational aid and 
isotope power weight criteria 

avcilabititey eV Current lynne Standard Coast Guard 
outer water buoy 

adaptability - integrates well into this special 


design 


Thus, with the weight limitations of the functional 


aids and power supply combined with the limited motions 
Stability, the 8x26 spherical form is the best available buoy 
body structure for this unigue design. Numerous buoy body 
experimental tests for this specific form are included as 


Figures 15, 16, and 17. 


The naval architectural aspects of this specific 


combination of subsystems is derived and evaluated in the 


following section. 
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Figure 14 - Buoy Wave Riding Characteristics 
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Figure 15 - Heave, Pitch, and Surge Variations with Current 
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MOORING SYSTEM DESIGN 


Although an effective buoy and powering system have been 
devised, the system must be precisely stationed to realize 
optimum effectiveness. This is accomplished by means of a 
mooring system. Actually a mooring system is comprised of 
three separate constituents, namely; mooring line, sinker 
weight, and buoy attachment. Each of these components is in 
itself a separate study, and their combined effectiveness 
Mesures buoy location reliability. Unfortunately, a mooring 
Mem study must be sone, 22 each specific locale, as 
Beevalling currents and bottom conditions drastically alter 
miemacceptable system. Thus for this design, the following 
site was specified: 

1. Location - outer Boston Harbor, 12 miles offshore 

2. Depth - 70 feet 

See POLLOMsCOndItiOns = extremely rocky 

Se ecevailings currents — mixed, light currents 

This is in fact a true presentation of the waters and 
conditions in this one area. (64) 

The first design consideration was in proper sizing of the 
Sinker weight. The weight itself may come in various forms, 
but mainly the anchor and "blob" are used. The "blob" may be 
either REESE On metal, andels usually ust a clump of 
material in a rectangular shape. The anchor has very attractive 
holding properties, but the costs of these metallic devices 


would be uneconomical in any large quantities. Thus the "blob" 


2 


or clump has evolved as the primary buoy anchoring device, 
mainly the concrete sinker as it is extremely cheap (fiscal 
Meat 1968 prices: one dollar per hundred pounds). Surprisingly 
enough, there has been little or no work done to determine the 
actual minimum weight needed for any given case. The long 
standing policy is simply if the sinker doesn't hold, use the 
next heaviest weight. It is known that heavier weights are 
needed for rocky bottoms, as the holding power there is minimal; 
while muddy bottoms with their settling and suction action 
require the least weights (61). But currently, there are no 
empirical formulae or codes to govern the selection of clump 
weights, merely the reexamination of past experience on any 
one specific location. Thus this buoy sinker weight will be 
governed by local custom, which has been; 

"For a depth of seventy feet with a rocky bottom, 

the 6,500 lb. concrete clump sinker has proven effective 

in mooring the standard 8x26 size buoy." (64) 

Studies by Drisko (32) have shown that the majority of 
failures in the buoy system occur in the mooring subsystem, 
namely in the shackles attaching the mooring line to the buoy. 
Tension recorders and strain and stress gauges have established 
the fact that the most likely place for a failure is in this 
locale as buoy motions yield maximum stress and strain 
concentrations jee nese= DOINt. mE CYyYGlae¢ Leatigqgue sand simpace 
loading account for the remaining mooring system failures. 

Thus for all types of failures, it is desirous to decouple 
the mooring line from surface excitations. The physical motion 


of the mooring line may be briefly described as follows: 
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the bottom of the line moves only slightly, while the upper 
portions experience continual motion due to current, wave, and 
wind interactions. Recent testing by the Coast Guard has shown 
that under the worst storm and sea actions, the tension recorded 
meee 1.25 inch chain link mooring line of the 8x26 buoy was 
only 20,000 pounds. This figure appears to be within the 
mecommended safety factor of 5 as proposed by Walton and Polchek 
(5) in their studies. The ultimate breaking strength of 1.25 
mien dank Chain 1s 125,000 pounds. This relatively high factor 
of safety was selected as it experimentally accounts for such 
loading conditions as fouling, adverse sea conditions, fish 
bite, vortex shedding, and wave action. As steel fibres have 
a higher dynamic tension potential than synthetic fibres, they 
are required for tensile values of this magnitude. The physical 
size of this mooring line suggests the economical solution of 
chain link rather than wire rope, as wire rope of this size has 
a pronounced tendency to coil and kink. 

The actual sizing of the mooring line to the buoy is an 
application of DenHartog's work (11) on a forced vibration 
problem with linear damping. Harleman (27) has mathematically 


maemevea this solution from the formula 
mx =— =—kKx Py cos(wt) - Cx [31] 


where: 


Mm — mass 


ae 
It 


Spring constant 


HognilLelae Of foccing function 


52 
I! 
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We=wiceiuency Of MOGCIng LUNnCEIOn 

ee> GCalpung Ccocrt ficient 

x = distance 

t = time 
to yield the 125,000 pound ultimate breaking strength. It is 
possible to reach harmonic oscillatory resonances in this line, 
but studies have revealed this has little effect on line 
pertLoOrmance. 

As this moor would experience the elliptical orbital 
Water motion associated with shallow water moors, this heavier 
chain would greatly retard the tendency to allow horizontal 
displacement. However, it is known that taught mooring lines 
Mecrease breaking strength by up to 30%, and greatly promote 
creep failure. 

MoO Ene scope ©f Gaaln to install, this particular 
aspect of mooring system sizing 1S again a matter of on- 
Station experience; there are no given formulae or steadfast 
mimes. Here for this location, particular buoy, and bottom, 

a scope of 3:1 is indicated for this location. Thus a minimum 
Of 210 feet of chain is needed for the seventy foot moor, but 
as chain only comes in standard fiver Cag aga SEEOcal. Op 
270 feet is required. 

The mooring system as described thus far must be attached 
momethe buoy, and this is best done by use of a 1.25 inch chain 
Mmm Y bridle. This Y attached directly to two padeyes on the 


spherical underwater section of the buoy and the upper chain 


35 


end. This bridle is the standard proven coupling device for 
maiewox26 buoy and its 1225 inch chain mooring line. 

estes Nave shown nal twisting aCetons and Jine kinks can 
meauce the ultimate strength of moors by up to 20%; thus 
Beery effort is made to initially position the buoy correctly. 
Berteaux (36) has conducted several studies to resolve the 
Variations of tension in mooring lines based on the following 


empirical expression: 


Tdd = (R sind + Fo) + W cosd)ds [321 
where: 

T = tension 

dd = change of angle of cable 


R = pressure drag 


I] 


1d 


o NO eile Peineneet Ol vabadg 


ds 


element of cable length 

W = chain weight per unit length 
Where the 6 is the variance of the cable angle with the 
vertical at its connection to the buoy; the bottom angle is 
always assumed to be zero. Experimental results with this 
expression have been augmented and verified by the practical 
on-station tension measurements previously noted. Wilson and 
Garbaccio (4) have conducted similar experimentation into this 
field in a theoretical vein, but at present no practical 
findings have confirmed their proposals. 

A brief computer study of this particular mooring system 


[meicluded as Tables XV and XVI. 


6 


Thus the mooring system components match the prescribed 
Bequirements Of this Specific buoy location and past experience 
has shown excellent compatability. A summary of mooring 


systems characteristics is listed in Table XIV. 
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SUMMARY OF MOORING SYSTEM CHARACTERISTICS 


Lype 
Dimensions 
Weight 


Pevead lability 


Cost 


History 


--Sinker-- 


Concrete 
Rectangular 
6,500 pounds 


One of Coast Guard's standard 
Sinicen G 


$1/100 pounds 


Numerous years of successful 
appleLeaclonm 


 --Bridle-- 


Type 
Weight 


@rassitication 


Bianca yY Lhetang 
400 pounds 


ie on Ene Stee, lamk=chaim 
lone tL elils 


ST eiOOr Tmo ia ne — 


Type 

Scope 

Depth of Moor 

Length of Chain 

safety Factor 

Ultimate Breaking Strength 
Maximum Recorded Tension 


Chain Weight per foot 


9§ 


io neh Seco link welad im 
Spal 

70 feet 

Z/OPEeet (3 5shocs) 

5 

25, 000 pounds 

20,000. Doumes 


iA. 5 pounds, LOOt 


TABLE XV 


MOORING LINE COMPUTER STUDY 


In order to verify the previously mentioned criteria 
established for deep water buoys, a computer program was 
devised’ to study mooring line tensions and buoy excursions in 
calm water. This study was based on the catenary equations as 


applied to underwater chain, namely 


‘chain weight per unit foot XK scope 
(ear tems.) ) xX cos {A2) 





HensioneLlr = 


and 
Buoy excursion = X = Horizontal Tension Component X 
Pimelelecd, Of iar (LES) ean (ea 
4 2 4 2 
where: 
A2 = angle of chain with the vertical at the buoy 


Al = angle of chain with the horizontal at the bottom 

As buoys may have a depth to scope ratio as low as 0.7, 
the range of 0.7 to 0.95 was studied in 0.05 increments; as 
were calm water tidal variations of ~ 5 feet in one foot 
increments from the mean depth of 70 feet. 

im the ateached computer program and results, it is noted 
that the tension values were considerably below the 125,000 psi 
ultimate breaking strength, and buoy excursions were limited well 
een the maximum dislocation of 100 yards. 

iemeeclartley and brevity, the thesis listing of computer 


Output is limited to the mean depth of 70 feet. 
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BUOY PROTECTION SYSTEMS 


As currently constructed, the maximum on-station life 
of sea water huoys is three years; this limit being estaplished 
by failure of the mooring system due to a combination of three 
causes--destructive marine growth, a corrosive salt environment; 
and Me water electrolysis. Studies by Drisko (32) and Berteaux 
(36) have shown that the vast majority of failures occur in 
shackles, namely at the buoy-chain-bridle connections where the 
constant dynamics of motion (tides, storm, and wave action) 
accelerates ACte Torn on processes. Review of structural 
failures reveal severe pitting, stress corrosion, and abrasive 
Memron. Unfortunately, nylon and other non-metallic lines do 
not have the strength necessary for buoys of this size, and 
the zinc coatings or polyethylene jackets available on small 
diameter wires are impossible in the construction of the heavy 
link chain required. As shown in the mooring system section, 
link chain is the sole material capable of withstanding the 
loading of the system; however, there is no metallic substance 
commercially available which can both withstand the deterioration 
of the environment and be forged into links. As studies (12) 
have shown, the mooring chain to be more expensive than the 
buoy itself, it is highly imperative to protect this subsystem 
adequately. A zinc electrolysis system could be employed, but 
the constant motion of the buoy causes the links to have only 
Sporadic physical contact; hence the electrical path necessary 


in electrolysis protection would be erratic, thus the overall 


JOS: 


system unreliable. Recent concerted efforts in saltwater 
protection systems have produced the following solutions 

which could be easily applied to deep water buoys. First, 

all underwater sections (chain, buoy bottom, bridle) are 

coated with a coal tar derivative dip; this has proven extremely 
effective in detering harmful marine growth, notably barnacles, 
the prime offender. Muddy bottoms are similiarly associated 
with hostile anerobic environments. It should be noted that 
cold tar dips are especially useful in warm water climates, as 
cold water apparently retards the growth of marine organisms. 
Similarly anti-corroSive paints have been created for ships 
which prove equally protective to the exposed buoy structure; 
hence retarding the corrosive salt action, notably the weakening 
Seelusct undercutting. To prevent chafing and minor collision 
damage from ship-servicing requirements, fender strips of 
laminated steel and wood are attached to the buoy counterweight 
tube. Overall electrolysis protection is now a reality 

through the use of a most novel application. In order to by- 
pass the intermittant nature of electrical path conduction, a 
3/4" galvanized wire is intermingled through the chain, being 
welded to the concrete weight shackle at the bottom and the 
bridle at the top. Two 144 pound zincs are attached to the 
buoy bottom near the bridle to provide the sacrifical metal. 
For chain of this size, the zinc's sizing is based upon a 
minimum required 850 millivolt electrolyic potential. The 
galvanized wire is physically clamped to the chain midsections, 


pra 1s used solely for a continuous electrical Pati, alehetgh 
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it could provide some slight degree of reinforcing to the 
chain maximum tensile loading. Although tests conducted at 
Wood's Hole Oceanographic Institute (32) are not yet complete, 
it is assured that the above mentioned protective systems will 
provide a minimum of Seven years on-station time (even after 
that. length of time the zincs still showed no pasSivation). 
Although the point will be explored in detail later, early 
cost estimates show electrolysis protection systems to be 
actually cheaper than current established periodic maintenance 
Placteria. Encouragingly, EWeee Gaysiosmenes have transformed 
the protection subsystem to one of the most reliable, longest 
service in the entire system. 

The zinc electrolysis protection system is displayed in 


Pequres 18 and 19. 
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SHIP SERVICE ASPECTS 


With the advent of transistorized navigational aids and 
concentrated isotopic power generators, there would appear to 
fe no limit to the size and thus capabilities of sea buoys; 
however, these aids must not only be serviced on station but 
iastially Ree corinece or replaced when inoperable. Currently 
this formitable task is handled by a small number of 180 
foot class buoy tenders. With a crane lifting capability of 
some twenty tons, these craft can safely, presently handle 
not only the 9x38 and 8x26, but several larger experimental 
mpuwoys (10x42). It should be noted that this twenty ton limit 
includes not only the buoy, but the entire system of concrete 
Smikcr, Chain, and buoy; and it is a static loading, hence the 
eee lity to work in rough seas 1s severely limited. The three 
phases of the buoy tender's scenario--installation, on-station 
servicing, and removal will now be reviewed. 

The installation of buoys is a relatively difficult task, 
as the buoy must not only be precisely navigationally located, 
bee Safely positioned. “Once on station, the buoy would be 
checked for potential radiation hazards by an E-500B beta 
Survey meter, electronic aids checked, and then launched in 
the following manner. The buoy ome placed over the side 
and held near the vessel; the concrete weight and chain are 
then released, this procedure involving three phases-~-free 
fall, pendulum mode, and relaxation. The chain tension will 


reach a maximum just before bottoming, and will vary according 


Jee) 


tO 


Lira} — : . : + a : 
“une Tinitial Bie) ocho [33] 
where: 
T = tension 
W = weight of anchor and concrete sinker in pounds 


ve) 
i 


buoyancy of line in pounds 


II 


0. angle chain makes with vertical 

Naturally turns and kinks in the line are to be avoided 
as kinks may reduce the strength of the moor by up to twenty 
percent (25. “Omee ene. ae buoy is then navigationally 
moemecked for proper functioning of all aids and correct 
location. Coast Guard Regulations allow only a maximum one 
hundred yard error in locating outer sea buoys, aS a one degree 
Heateral error will produce a one-sixth mile error at a six mile 
Pare dng . 

The on-station servicing of buoys unfortunately is concerned 
mainly with repair of agilenne lone. Current practices require 
the mooring line to be pulled up and checked every eighteen 
months, batteries renewed every two years, and flasher light 
bulb assemblies replaced every 650 days. Nickel-cadmium 
batteries have extended useful battery life to over five years 
and although experimental results are encouraging, the 650 
day lifetime appears to be the current limit in flasher light 
lifetime. The cathodic protection system will reduce mooring 
line failures; but buoy tenders do carry spare chain in standard 


ninety foot sections (shots), which can be installed on-station. 
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As the isotopic power generator is located in the counterweight 
portion below the water, periodic radiation surveys would be 
futile. As all electronic components have greater than five 
year life expectancies, it appears the tenders will need make 
only infrequent visits to replace flasher light bulb assemblies-- 
a dramatic improvement over existing servicing. 

The removal of buoys is merely a reversal of the install- 
ation procedures; the chain and anchor are taken aboard first, 
meen the buoy. Here, an immediate beta survey would be 
necessary to ascertain radiological safety for the crew 
members. 

Wo accommodate large work seheaules, the deck artangemene 
of the existing tenders is ideally constructed to allow safe 
Seeeege and transit of up to three special isotope buoys. 
Naturally it is economically unfeasible to design a new class 
of buoy tenders to handle this unique buoy design. By 
maximizing buoy functions and closely adhering to weight 
tolerances, the buoy as designed will integrate well into 
existing 180 foot class buoy tenders and their functional 
eoieriiities. 
see Table XVII for a complete description of buoy 


eemoing characteristics. 
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SUMMARY OF BUOY TENDER CHARACTERISTICS 


Type 

Length 

Beam 

Mean draft 
Displacement 

Speed 

Age 

Cruise 

@aery load 

Boom capacity 

Boom safety factor 
Cruise range 

Total annual operating costs 
Replace buoys 
Inspect buoys 


Buoytending fuel costs 


10 


Hornbeam-WLB class 
180 feet 

37 feet 

| es 

JoSseons 

13-14 knots 

28 years 

i2-15 knots 

3 large sea buoys 
20 tons 

As: 

7000 miles @ 12 knots 
$284,400 

five year interval 
650 day intervals 


SI9= 30 per hour 


NAVAL ARCHITECTURE PARAMETERS 


LO DeOELOW TEOMval olaenavalearcniatecture axlom-~—"a ship 
Wo@ey) must float, and Eloat upright . This statement is 
especially true of a buoy where stability is a must for 
efficient buoy functioning. The critical parameters calculated 
in the appended computer program are: buoy weight, total 
displacement, center of gravity, center of buoyancy, metacentric 
height, radius of gyration, righting moments, center of wind 
pressure, time period, freeboard, total weight for a buoy 
tender crane to handle, and a sample heel calculation. As 
noted in the computer output, the final stability results are 
excellent; all buoy parameters satisfy all established limits. 
In fact the results far surpass the author's original estimates. 
The computer program and results are included as Tahles XVIII 
een XX . 

It should be noted that this program as designed could 
study the naval architecture parameters of any potential 


buoy design. 
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TABLE XVIII 


NAVAL ARCHITECTURE PARAMETERS COMPUTER STUDY 


In order to reduce the laborious, lengthy longhand work 
involved with buoy stability calculations, it is advantageous 
to devise a simple computer program to accomplish this goal. 
All weights and corresponding lever arms for each component 
buoy part were taken from existing Coast Guard listings (13). 

Using these weights and lever arms, the various moments 
were established about the base line, and the center of 
gravity and center of buoyancy located. Similarly the 
displacement, water plane height, metacentric height, and 
freeboard were established. With a moment of inertia 
eemoeulation, the radius of gyration, period of oscillation, and 
heel angle were then determined. Briefly the formulae utilized 
in order of presentation are 


summations of moments 


fe Oe WE > CS Geant, bnew werent 


total buoy weight 


ee eee rl = aa re eer density 


summation of displacement moments 


center of buoyancy = CB = total displacement 





| a 
merlod Of oscillation = TIMPER = 2°71 Git g 
a _ 2+ TT-we 
buoy heel = OB = WP2 -TIMPER2 
Wmere ; 
TT = wave height 


WP = wave period 


Sp 3052 at fae 


GM = metacentric height 


23 ¢ 2a moment of inertia 
Sot gewee: ne ““Eotal weight 


il 


k 2 
A review of the computer results shown all buoy stability 
Characteristics are well above minimum criteria, and as such, 


this special design should encounter no stability problems 


weehnin the proposed five year on-station lifetime. 
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TABLE XIX 
NAVAL ARCHITECTURE PARAMETER COMPUTER RESULTS 
NAVAL ARCHITECTURE PARAMETERS 
TOTAL WEIGHT IS 14468.0 BeUNES 


Tre ST AR MOMENT SDE p BY The TOT AL 
WETGIN ~EQUMES The GEN] eR CF GRAVITY 


Cie Bhs Go32 Peels ABOVE BASE EINE “AXIS 


DISPLACEMENT IN SALT WATER TS 
WELGwEeOry TOECeBy DENS IT ¥ 
SAI SUATERS OL SPEACEMENT 55 226.206 CUGT CG eet 


TResvtIGiAL BOweh is. CIVIDED BY THE TOTAL 
DISPLACEMENTS Woe tHe “CENTER@ Gr BUOYANCY 


Cems , 10.66 Peele ve BASE GINE 


TRE WATER PLANE IS A PLANE THROUGH 
leer eUCy eA ee AER VESLAG 
THE WATER PLANE IS 13.61] FEET ABCVE BASE 


TRE WATER PLANE CALCULATED WITHOUT TAKING 
INTO CONSIDERATION THE DOWNWARD PULL ON 
MCCRINGS BY CURRENT, WIND, OR WAVE ACTION 


FECAL Ee rGEn als 15090 PEER SABC VES SURI-ACE 
PREEZOPRE 1S 1049 mele) 

ep MEetAeriwiene to AO HeEASURE OF STABILITY 
Neen tem etNer iA 1S 201.0618 Pjelei eG t a 
PEVAC ENT GsElGHI IS Zo 28 freee 

CENTER OF WIND PRESSURE IS 90 99 

FEET ABOVE MOORIAG POINT 

RIGHTING MCMENT IS 33656 800 = AC SGP EIN BES 
FRESSURE IS 0. C6 POUND S/ SQ. FOOT 


Vite Seen VELOC T TES VEXCeeV ING 42 5M1EES/ HOUR 
WILL INCLINE BUOY TO EXTENT THE LIGHT 
VAG eNC hE bE wy TSA BLE 


RAL USS Ce nea nN) IS 51. 35 

(ihGeEe kel eee is 5040 SECONUs 

PER OCCUR hems EN ke nOS Cheba ENTE RUM SILE TUPSioe 
WILL ASSUME A 250 FOOT WAVE, WITH 

ASST COUMRELGHT > & (SECONDS PERIOD 

TO STUDY OREES ACTION 


SUC wet eeu Noe oS 18356 DEGREES 
WORK DERIVED FROM Eole ATTWOOD AND Hs So 
PEGE oe come Owen AVAL ARC HIDECTURE —1939 


SUMMARY 


2: 


TAB beeen (Cont) 


CGeIs Fins 2 ee ea 

Ci wiles 10.66 ee |) 

GM IS 2018 Piej= || 

DESPLACEMENTW CIS 226.06 FEET RCUBED 
TIME PERIOD TS Do 40 SECUNDS 


THE TCTALSWEIGHi gro” BE HANDLED BY TRE 
BUGY TENDER CRANE IS. 23568800 POUNDS 


d2 2 


COST EEF ECPIVENESS 


Perhaps the major disadvantage of installation of nuclear 
powered buoy systems is the relatively expensive cost of the 
isotope itself; however, it must be remembered that isotope 
costs are cyclic prices in that increased demand drastically 
recuces costs. This cost effectiveness study is based upon 
current available costs of all materials, and is based on a 
one buoy purchase. It is also assumed that for study purposes 
that the buoys in consideration will Sache tavem ene Teen leas 
ane Rav iGaeronal ala eee as described in this thesis. 

First it is advantageous to review the users of this 
outer harbor buoy network, and these are: commercial, 
recreational, fishermen, and governmental shipping. Surveys 
by Geonautics (35) have furcner defined this listing to be 


the following percentages of the total shipping fleet 


i. Comnercram— 61% 

2. Fishermen - 64% 

Be ReCreacvonal —54% 

4. Governmental - (classified) 


Naturally these percentages would vary for inner harbor usage. 

Further studies to indicate future shipping trends and 
patterns by these four interests have projected the following 
expected increased in deep water buoy usage by 1983. (37) 

ieee Ceume tees Mere som 

2.3 MENGE CH ole l secleiblioy Spey: 


3. Recreational - up 3008 
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4, Governmental - up at least 1003 but still classified 
This places a considerable strain on existing buoy facilities 
and capabilities and calls on increased reliability and 
efficiency within the next decade--an increase which could 
hopefully be met by isotope powered buoys. In 1966 alone, 
some 413 biloOnedollars on J.62)70L the Gross National Product 
was involved in maritime shipping, all of which is guided by 
the Coast Guard lateral buoy system. 

To further realize the economical impact of this buoy 
System, the port of Bog een is analyzed for the calendar year 
1966 for total shipping and cash losses due to delay in shipping 
because of weather conditions detering existing aids to 
navigation utilization. This data is presented in Table XX. 

In addition to the above mentioned losses, navigational 
errors and accidents accounted for 42.7 million dollars in 
losses in 1967 alone. 

To anticipate user demands, a thorough study was initiated 
in 1968 to ascertain all the features in an ontimum buoy system; 
with the following results 

ies cmme@ets a = 1 00-S50K) 


ye DOWer = Seyryolt 


Be USer vera nung same = Pl? Nour Maximum 
A eeavailabivmey, — 82a srour continuous 

Se Lesolutionetcime = 0.5 to, S minutes 
6 Ganges to. 50 miles 


Thus contemporary buoy systems would need to be 


substantially improved to meet these specifications. 
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Now it is advantageous to compare the two competitive 
navigational buoys; one the standard 8x26 acetylene buoy now 
in service; and second, the proposed isotope powered replacement. 

This phase of study would obviously revolve about the 
acquisition costs. As the standard buoy has only a three year 
on-Station lifetime, the costs have been ratioed up to five 
years in order to have a meaningful comparison. These results 
are presented as Table XxI. 

As can readily be seen, the present cost projection 
Figures strongly favor the standard 8x26 buoy; however, such 
factors as the reliability, dependability, and engineering 
Superiority of the isotope system cannot receive a dollars 
and cents value, and this aspect cannot be emphasized too 
strongly. As mentioned earlier however, the repeated demand 
for radioisotopes can and will definitely lower the consumer 
price; and as Strontium-90 is obtained from reactor wastes, 
that stockpile should be radically increasing with more nuclear 
power stations coming into realization. 

Prototype stations such as the SNAP series have proven 
experimentally beneficial, however, their costs were also 
prohibitive. In fact, the SNAP 7D buoy of comparable size 
and powering costs over $200,000 dollars and this was 
constructed in 1964; thus fuel costs have obviously dropped 
by a factor of roughly two already. As the isotope buoy is 
deemed superior engineering-wise, projected costs would make 
it economically feasible by about 1976, providing current 


eests can be extrapolated. 


2) 


A thorough review of all results will be made in the 


conclusions section. 
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TABLE AX 





SHE BENG eCOslS SURVEY 


Boston Harbor, 1966 


Type Vessel Number Entering Port Losses in Dollars 
ThEeovgs Lose 
Navigational Time 


Tow boats Cod So Ais i eral 
Dry Barges 403 S$ G70 cS 
Tanker Barges | 2 ole S 65,070 
Passenger, Cargo 4.67 3 Sle Seas 739 


Vessels--American 
and Foreign 


Fishing Craft 27,048 S$ 4,362,936 


metals Sy, Poo Sabo SE, (8 Grea One 


Based on standard delay in port time of $170/hr/vessel 


mosce |llaneous costs. 


eae 


TABLE Xx T 


BUOY COST COMPARISON (5 year comparison) 


(based on fiscal year 1967 costs) 


Component standard Buoy 'Isotope Buoy 
Lifetime 3 years 5 years 
Navigational aids S Sg 15.0. S 347 250 
Peatteries Sele > 6, 00 S 436.00 
Buoy tender fuel 

differential costs © Ss EO ONG, S08 
Buoy body and 

appendages Sasa 54. 0G So, Ot 5d 00 
Parts replacement S 276.40 S 276200 
Acetylene fuel Se) 5 PAST OO, $0 
eerontium-90 generator SO S942 27126 
Chain and anchor Sr le aO eo Seeks VO es0.0) 
Overhaul* Ss, 0007, 00 $0 
S2enodic protection SO iS 360200 

system (current practice) 
Totals $27,839.90 $100,252.46 
*Note: The overhaul costs are based on the following breakdown: 

lee henova leandeaims talilatien: = 63% 


Par OVertar re aGroulndueack le ==" 2o.as 


5. Overhaul puey body —" 13.22 


NEPA 


CONCLUSIONS 


MiewedG: More quial meted eciccescceor: the experimenral SiR =7p 
buoy design fostered this thesis concept of a practical design 
for an isotope powered replacement for the Coast Guard's 
existing outer harbor, deep water buoys. Limitations in power 
and servicing requirements had restricted the use of new 
electronic navigational aids to land establishments and other 
testing with plastics had merely stirred the relatively 
stagnant field of buoy Jawalcaiea’. Ties ihOelOn» OL wd cOMpaci, 
dependable, long service isotope fuel system powering an 
optimum navigational aids package while realizing current 
advances in mooring protection systems, and buoy design was 
not so much to combine these engineering advances in thesis 
form; but to promote this idea as the way to solve both the 
future buoy needs of the Coast Guard and the isotope market of 
the Atomic Energy Commission. 

Each subsystem was carefully devised not only to maximize 
its particular effectiveness, but to blend efficiency into the 
whole of the buoy design. Basic concepts concerning the 
engineering feasibility of this design were strongly affirmed 
by the three computer programs devised; not only does this buoy 
meet all the minimum specifications for engineering practicality, 
but the system proves to be immensely superior to the standard 
eee Dbucy in all aspects except price, and as noted this last 
barrier should be surpassed in 1976 if current price trends 


can be accurately extrapolated. The 8x26 buoy provided the 


de 9 


mareneeror this destoqn because I 1S ehe present standard 
deep water buoy; later it subsequently provided an excellent 
comparison for the completed isotope design. 

Beyond future possible system development with plastic 
buoys or more efficient thermoelectric conversion devices, the 
summarized results of this design, presented as Table XXII, 
speaks for itself; this buoy design surpasses all existing 
buoys in combining the functions of a buoy with a dependable 
power system for a long on-station service time. 

Naturally model tests would be neces sain @eremes ta lish 
lsotope safety aspects for Atomic Energy Commission licensing 
requirements, and towing tank tests to verify buoy performance. 
It is believed, however, that these tests would definitely 
affirm the soundness of this proposed engineering design. 

A sketch of the final buoy design is included as 


Figure 20. 
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Figure 20 - Pinalized Buoy Sketch 
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“TABLE XXII 


FINAL DESIGN SUMMARY 


On-station lifetime 


Buoy location 


Depth of moor 


Buoy tending vessel 
Maximo bi terig eae ty 


Maximum number buoys 
carried 


Height of Buoy 
Diameter of Buoy 
Weight of Buoy 
Buoy material 


Total power requirement 


5 years 


OUGtEGrrBoston Harbor 
I2emawes ofishore 


70 feet 
Rocky bottom 


180 £t class Coast Guard Tender 


40,000 pounds 


S) 
27.9 feet 
8 feet 


14,480.0 pounds 
Steel 


56.0 watts 


Navigational Aids, Ranges and Power Useage 


Mechanical Gong 
Radar Reflector 
Sonar Reflector 
Visual Daymarkings 
Radar Beacon 

Radio Beacon 
Wiachance i vente 
Center of buoyancy 
Center of gravity 


Radius of gyration 


ss 


Oe 0 
er 0 
Sa 0 
4.4 0 
JC io 
207.0 Zoe 
4.6 BO G10, 


10.66 feet above base 
9.32 feet above base 


2g ote. 


HG 


ey. 


ites 


eo. 


20. 


ZA 


Ze. 


ZS. 


24. 


25. 


260i. 


Ze « 


Ss. 


2). 


535 


34. 


8 


Si). 


TABI. * C Eaaveon ' tt) 
Fueenoard Lae, Leet 
Metacentric height +2.18 feet 
Focal height of Buoy ioe eer 


Isotope selection 
Halflife 

Biological danger 
Type Sion 

Fuel selection 
Initial fuel Loading 
Fuel size 
Encapsulment material 
PDsorpu lon macerniaL 
Generator 1 OS 
Generator efficiency 


P-N type semiconductors 


Biological shield 
Sucer  "shteclasdose rate 


Total thermoelectric 
generator weight 


Electrical system 


Mooring chain 


SeoOpe 
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Secont1un-o0 

28 years 

Crear 

Beta, Bremsstrahlung 
Strontium Titanate 

ee oO. | sCliales 

5686.6 grams 

eZ o lnc waste bloy —C 
Om2 5 stnch sHastetiloy C 
Thermoelectric, P-N type 


5 


ce 


N, lead telluride, bismuth doped 
P, lead telluride, sodium doped 
Zoe Nepart sy Ome VOL / pal 

So voecie Ore load 

MS aie Anse 

SO S65. DOUnds 

int toca! Ieee l—cadmiummbat ts 
(eve volE, eRe. OULpUL voltage 
BoCGUbibOm, it dekile charge; 
maximum current 1.5 amps static 
D.C. converter for power flattening 


iv oeanenusteek link chain 


3: oO. 2k 


Sy) . 


38. 


Se 


40. 


“a. 
42. 
oe 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


Lisi xst i. (con ' t} 


Meeaeniment. Orla ike 


Sinker weight 


ACGmeounds le 25 inmeh Y £1 teeing 


6500 pound concrete block 


Underwater buoy protection Coal tar derivative dip 


Above water buoy protection 


Total system weight 
Total cost, 5 year period 


Eoscess Cost over. standard 
buoy 


Minimum on-station 
tender check 


Year of economic 
feasibility 


Isotope control 


BUOY CONErOL sand 
maintenance 


Potential use 
Expected buoy use by 1980 


Feasibility of system 
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0.75 inch galvanized steel cable 


with 2-144 pound zincs 


CorroSive resistant paint 
235.5005 DOUnGS 


$100,252.46 


ee ole NO 


650 days 


meO7 6 


Atomic Energy Commission 


Ure oe COAaSEsGu@ard 
Existing 4000 powered buoys 
Up 100% (average) 


Cane De epEOcdMee camo 


RECOMMENDATIONS 


Radioisotope power programs have greatly expanded since 
the initiation of the SNAP series for aerospace applications. 
The knowledge of isotope potentials and biological shielding 
requirements has been thoroughly explored with only the energy 
conversion devices presenting possibilities of improvement. 
Current thermoelectric devices with their five percent efficiency 
present a definite challenge for improvement, and technological 
advances should soon appreciably increase the effectiveness of 
both the thermionic and thermoelectric converters. Although 
work is proceeding with dynamic conversion systems for larger 
power needs, it appears Strontium-90, Cobalt-60, and 
Plutonium-238 will be the primary static low power isotope 
fuels. With an optimum buoy design carrying a maximized 
navigational payload, it is merely a question of overcoming 
existing monetary disadvantages, as the isotope buoy is 
Superior in all other aspects. 

Assuming normal technological advances in these fields 
of engineering, the one recommendation of this thesis is to 
promote the goals of two major governmental agencies into one 
joint solution. The Coast Guard, with some 4,000 powered buoys 
and numerous lighthouses faces a large growth and expansion of 
its aids to navigation system as noted by several included 
studies; and the Atomic Energy Commission, with increasing 
nuclear fission wastes and hence a growing stockpile of 


isotopes such as Strontium-90 could easily not only solve their 
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respective problems, but help create markets for future 
Growth of isotope power. As described Garlier, the price of 
isotopic fuels is an inverse availability function; the 
larger the demand, the lower the cost. By using current prices, 
it was noted that fuels prices have halved since 1964, and 
this isotope buoy would be economically feasible by 1976. 
If the Coast Guard and Atomic Energy Commission joined forces 
before this date, this volume of business would not only 
assure the Coast Guard of a reliable, efficient buoy network, 
but would open hopefully huge markets for the Atomic Energy 
Commission's isotope power systems. 

Naturally larger buoys with longer Saeeaciion durations, 
Or improved isotopic power systems might later be tried, but 
the immediate goal is to realize a design of this nature and 
Simply promote it; multiple benefits will then be soon forth 
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